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Question: Origin of Small Neutrino Masses?
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from gravitational #-term.
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Neutrino condensate and
effective masses at new
infrared gravitational scale.
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Analogy: Non-Perturbative QCD Vacuum

N
» QCD: #-term Locep D 0GG is made
physical by non-perturbative effects [1].
QCD
%% Sm
o
[1] 't Hooft (1976); Witten (1979); Veneziano (1979)
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Analogy: Non-Perturbative QCD Vacuum

» QCD: #-term Loep D 0GG is made
physical by non-perturbative effects [1].
QcD
@? O
.
Quantity QCD with 3¢

Fermion flavor symmetry U3)y x U(3)a — U(3)y

(Pseudo)Goldstone bosons 1(1)) + 8(m, K, 1)

Chiral U(1)a anomaly Dt = GG 4+ myGysq [4]
[1] 't Hooft (1976); Witten (1979); Veneziano (1979)
[4] Adler (1969); Bell, Jackiw (1969)
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The Model: Neutrino Condensation

' Non-perturbative quantum
gravitational effects.

~

{ Physical f-term in pure ]

gravity: (RR,RR),_0 # 0.
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The Model: Neutrino Condensation

" Non-perturbative quantum . .
P e § New infrared scale A¢. ]
gravitational effects.

{ Physical f-term in pure ]

gravity: (RR,RR),_0 # 0.

h 4

Neutrino flavor symmetry
breaking through chiral
gravitational anomaly.
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The Model: Neutrino Mass Generation

» Small effective neutrino mass generation through
non-perturbative coupling to neutrino condensate.
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The Model: Neutrino Mass Generation

» Small effective neutrino mass generation through
non-perturbative coupling to neutrino condensate.

» Coupling analogous to 't Hooft vertex in QCD [8].

~

» Effective potential allows for neutrino mass hierarchy:

V(X) = 3, L Tr[(X*T X)) with X328 = (T, Vag)

Zan n

= dV /Ox; = 0 determines X = diag(xy, x2, x3).

[8] 't Hooft (1986)
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Constraints: Symmetry Breaking Scale Ag

Assumption: condensate [(71/)| = scale A} = temperature T’gp.
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Constraints: Symmetry Breaking Scale Ag

Assumption: condensate [(71/)| = scale A} = temperature T’gp.
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Image credits: NASA / WMAP Science Team [http://map.gsfc.nasa.gov/]
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Constraints: Symmetry Breaking Scale Ag

Assumption: condensate |(71/)| = scale A3. = temperature T3.p.
G \h]—)
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~ 0.3 eV CMB constraints [9]

normal
V.
i Lower bound from neu-
~ 4 meV : e :
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[9] Archidiacono, Hannestad (2014). [10] Olive et al. (Particle Data Group) (2014)
Image credits: NASA / WMAP Science Team [http://map.gsfc.nasa.gov/] and Patterson (2005).
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Constraints: Symmetry Breaking Scale Ag

Assumption: condensate |(71/)| = scale A3. = temperature T3.p.
G \h]—)
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. Upper bound from
~ 0.3 eV CMB constraints [9]

norimal
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— Neutrino vacuum condensate (7i/) on dark energy scale.

[9] Archidiacono, Hannestad (2014). [10] Olive et al. (Particle Data Group) (2014)
Image credits: NASA / WMAP Science Team [http://map.gsfc.nasa.gov/] and Patterson (2005).
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Phenomenological Implications

Weakened cosmological neutrino mass bounds.

» Relic neutrinos massless until late phase transition at T,sp < Ag.
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Phenomenological Implications

Weakened cosmological neutrino mass bounds.

» Relic neutrinos massless until late phase transition at T,sp < Ag.
» Neutrinos decay & (partially) annihilate — > . m,, £0.12 eV [11].

TR,
= Masses m,,, < 2.2 eV [12] still allowed, measurable at ¢ fi ;
% LN PRV
*b.-,,\” Neat®® )
[11] Aghanim et al. (Planck) (2018). [12] Drexlin et al. (2013)
Image credit: KATRIN [http://www.ikp.kit.edu/].
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Phenomenological Implications

Weakened cosmological neutrino mass bounds.

» Relic neutrinos massless until late phase transition at T,sp < Ag.

Impact on other cosmic parameters. Dark energy decay?
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[11] Aghanim et al. (Planck) (2018). [12] Drexlin et al. (2013)
Image credit: KATRIN [http://www.ikp.kit.edu/]. Plots: Lorenz, LF, Calabrese, Hannestad (2018).
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Phenomenological Implications

B PR g

Asymmetries and sterile neutrinos: N M — =
. : : IS L
» Asymmetric local neutrino clustering [14]7 CN | r—— N
LSt o0 il

» Resolution of cosmological tensions of 4
hypothetical light sterile neutrinos. o= 7

Astrophysical neutrinos:

» Enhanced neutrino decays, v; — v; + ¢ and v; — 7; + ¢, in solar
(and future IceCube) data could reveal Majorana vs. Dirac nature.
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[14] with Mirzhagoli, work in progress. Image credit: Betts et al. (2013). Plots: LF, Raffelt, Vitagliano (2019)
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Phenomenological Implications

Gravity measurements:

» Different polarization intensities of gravitational waves [16].

» New attractive gravity-competing short-distance force [17].

New particle detection:
» “Shining light through walls” with axion-like bosons 1),,. ¢y.

» Possible deep-infrared origin of flavor-violating processes.

[16] Jackiw, Pi (2003). [17] Dvali, LF (2016b), “Domestic Axion" solution to strong CP problem.

Image credits: The SXS Project [https://www.ligo.caltech.edu/| and Redondo, Ringwald (2010)
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Summary

LAssumption: pure gravity contains physical 6-term. }

——

« N
Theoretical consequences:

» Neutrino condensation.
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Summary

LAssumption: pure gravity contains physical 6-term. }

—

< ) > N
Theoretical consequences: Phenomenology:
» Neutrino condensation. » Large neutrino masses still
» Effective small neutrino cosmologically allowed.
mass generation. » Enhanced neutrino decays.
» Independent of Higgs or » Possible signatures at
Seesaw mechanisms. KATRIN, IceCube, etc.
» Works for both Dirac and » More details on arXiv:
Majorana neutrinos. 1811.01991 & 1905.01264
. / S v
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Summary

LAssumption: pure gravity contains physical 6-term. ]

—

Theoretical consequences: \ Phenomenology: |

» Neutrino condensation. » Large neutrino masses still

» Effective small neutrino cosmologically allowed.
mass generation. » Enhanced neutrino decays.

» Independent of Higgs or » Possible signatures at
Seesaw mechanisms. KATRIN, IceCube, etc.

» Works for both Dirac and » More details on arXiv:
Majorana neutrinos. 1811.01991 & 1905.01264
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